Background: Rehabilitation robots support delivery of intensive neuromuscular therapy and help patients to improve motor recovery. This paper describes the development and evaluation of control strategies for a novel lower-limb paediatric rehabilitation robot, based on linear-motor actuator technology and the leg-press exercise modality. Methods: A functional model was designed and constructed and an overall control strategy was developed to facilitate volitional control of pedal position based on the cognitive task presented to the patient, together with automatic control of pedal forces using force feedback and impedance compensation. Results: Each independent drive for the left and right legs can produce force up to 288 N at the user's foot. During dynamic testing, the user maintained a variable target position with root-mean-square tracking error (RMSE) of 3.8
Introduction
The recovery and maintenance of motor function is one key aim of rehabilitation interventions. Robotic technology is increasingly used in clinical rehabilitation environments to facilitate long training sessions, a large number of movement repetitions, and thereby to improve therapeutic outcomes [1] .
The field of rehabilitation robotics is developing rapidly. With faster and more powerful computers, new computational approaches and sophisticated electromechanical components, robots have become an important tool to improve the therapeutic outcomes in rehabilitation [2] . Robots can aid therapists in the implementation of rehabilitation programmes by enabling repetitive, high quality task-specific movements, by increasing the duration and intensity of rehabilitation sessions and by providing a large variety of exercise modalities [3] . Furthermore, robotic systems provide the possibility of recording information about movement parameters (force, position, velocity, etc.) during exercise, which allows the subsequent interpretation and analysis of the therapy performance and progress [4, 5] .
The current generation of rehabilitation robots differ in terms of mechanical design, actuation technology and control architecture [1, 6, 7] . They can be categorized with respect to their application focus as assistive or therapeutic devices: assistive robots are used to assist patients in their daily-living activities, whereas therapeutic robots are used to improve various neurophysiological aspects of body function, and they are mainly used in clinical environments [1] .
Rehabilitation robots can be further delineated with respect to their mechanical design as either end-effector or exoskeleton sys- tems. End-Effector robots impose forces on the distal segments of the upper or lower limbs [8] , but they cannot directly control individual joints since the contact between the patient and the robot is at limb endpoints. Examples of end-effector rehabilitation robots are the G-EO System [9] , MIT-Manus [10] , the Gait-Trainer [11] , GENTELE/s [12] and Bi-Manu-Track [13] . Exoskeleton-based robots, on the other hand, use external structures attached at several points across the patient's limbs. The joints of the exoskeleton are aligned to those of the human body [14] , which allows direct control of the joints [15] . Examples of exoskeleton robots are the Lokomat [16] , LOPES [17] , ARMin [18] , T-WREX [19] , Dampace [20] and L-Exos [21] . The dynamic leg-press form of exercise, hitherto applied mainly in the sports context for musculoskeletal conditioning [22, 23] , has potential as a new modality for neuromuscular rehabilitation applications. Due to the possibility of a compact design, and provision of a safe, semi-or fully-recumbent seated posture, leg-press devices have potential for application particularly in paediatric rehabilitation. Examples of leg-press rehabilitation robots are the Lambda [24] , LegoPress [25] and Allegro [26] .
The main aim of control strategies for leg-press devices is to provide optimal exercises to promote neuroplasticity and therefore improve motor recovery. For rehabilitation robotics in general, a variety of control strategies have been developed, and several research reviews have been done [27] [28] [29] [30] . Rehabilitation control strategies can be categorized in two main groups: (i) trajectory tracking controllers and (ii) assist-as-needed controllers (AAN) [29] . Trajectory tracking controllers are position controllers adapted from those applied in industrial robots. They provide passive repetitive exercise, where the patient's limb is made to follow a predefined trajectory. In advanced versions, known as "adaptive position controllers", the controller allows for deviation from the predefined trajectory based on the motion of the patient [1] . Trajectory tracking controllers are important in the early rehabilitation stages, where passive exercise is needed, but lack the ability to motivate since the active participation of the patient is not of concern at this stage [30] . On the other hand, assist-as-needed controllers adjust the amount of assistance given by the robot based on the patient's real-time contribution and ability. Compared to trajectory tracking controllers, AAN controllers allow more freedom and variability of movement [31] and increase the participation and motivation of the patient [32] . One of the most appropriate AAN approaches which encourages active participation of the patient is impedance control [33, 34] . Impedance control strategies allow deviation from the predefined trajectory and do not impose rigid movement. This can regulate the dynamic relationship between the motion of the patient's limb and the force applied by the actuator [35] . Furthermore, impedance control parameters can be adjusted depending on the patient's abilities and needs. Another common AAN approach is a "tunnel controller". This creates a virtual tunnel along the reference trajectory where the patient tries to maintain his limb position. As long as the limb is within the virtual tunnel, the robot will apply no corrective forces. If the limb diverges from the tunnel, the robot will increase the applied force to push the limb back to the desired trajectory [36, 37] . The system described in this paper applies impedance control.
The aim of this work was to design, construct and test a novel lower-limb end-effector rehabilitation robot, based on the legpress exercising approach, with a target population of children with neuromuscular impairments. The system which was developed, as described in this paper, is leg press training device which allows active exercise of the lower limbs. The feet are connected the footplates of two separate pedal mechanisms. The device allows movement of the lower limbs in the sagittal plane, with flexion/extension of the knee joints. The focus in the present report is on the development and evaluation of force and impedance control strategies based on linear-motor actuator technology.
Methods

Device specifications and design
The mechanical design and construction of the prototype device is depicted in Fig. 1 . Since the focus in the present work is on control strategy development, the mechanical design details and specifications are only summarised in brief here.
The prototype device comprises a seat with adjustable backrest and position, footplates attached via a lever mechanism to two independent linear electric motors, and a visual feedback screen positioned at the front. The patient sits on the chair with the backrest adjusted as desired between an almost upright position and an almost fully recumbent position. The feet are placed on footplates attached to separate pedal mechanisms. The maximum range of motion of the footplates is defined by the stroke of the linear motors. To adapt the robot for patients with different body sizes and leg lengths, and to give appropriate joint ranges of motion, the distance between the seat and the footplates is set by moving the chair back or forward. The visual feedback screen at the front provides the patient with motion targets and real-time feedback of key performance variables (e.g. angles and forces) for implementation of specific neuromuscular training and assessment therapies.
The target population for the device is children aged 4-14 years with body mass of up to 50 kg. The device was required to be capable of generating a total continuous force on the footplates corresponding to 1.2 × body mass, i.e. a combined left + right equivalent mass of ∼60 kg. The pedals are actuated by two independent drives (left and right legs) each of which is capable of producing a continuous force of 354 N and a peak force of 1024 N. Because of the pedal geometry and available lever arms, the arrangement can generate a continuous force of 288 N at each footplate. This gives a total continuous force magnitude of 288 × 2 =576 N, corresponding to an equivalent body mass of 59 kg, which, according to the above specifications and given the ability of the motors to generate short-term forces of nearly three times the continuous levels, is deemed appropriate for therapy of children with impairments.
The therapy device was required to facilitate rehabilitation exercises for children with neuromuscular impairments. The device can be flexibly programmed for implementation of specific training exercises, and was also designed to meet the following general criteria for neuromuscular and skeletal rehabilitation [38] : 1. Flexibility and range of motion: the robot is based on bidirectional electric actuators, which allows the application of both passive and active exercises to give flexibility and arbitrary movement patterns. 2. Strength and muscle endurance: the robot is capable of providing sufficient force to improve and reinforce the patient's musculoskeletal condition, based on a multiple of maximum body mass. 3. Coordination and agility: the visual feedback module provides cognitive challenges, requires engagement of the patient and thus has potential to improve coordination using real-time, interactive sensor-controlled exercises and task-orientated training.
Overall control strategy and outcome measures
The principal task of the feedback control system is to maintain a target force F * at each footplate, i.e. at the point of interaction between the human foot and the robot's pedal mechanism. This is implemented using a closed-loop force control system (Fig. 2  ) , where target force F * (t) is a completely arbitrarily pre-specified profile. The left and right sides are separately controlled by independent feedback systems such that target forces for the two sides can be different: for simplicity, the control strategy is presented here as if for a single side, but in practice it is implemented in duplicate. The feedback controller C fb compares target (F * ) and measured (F) forces and continuously computes a target current i * which is transmitted to the proprietary motor control unit; this unit, in turn, has an internal feedback controller which dynamically maintains the current actually sent to the actuator (i) close to the target i * . The resulting motor actuation generates the force F as measured at the footplate. The overall plant to be controlled, as viewed from the controller transfer function C fb , is therefore the nominal transfer function P o linking the control signal i * and the controlled variable F (see Eq. (3), and Fig. 2) .
The basic force controller is embedded within an overall control architecture for the device, comprising also the visual feedback module (see Fig. 3 ). The "controller module" in the figure explicitly shows the force feedback controller and also the current controller C i which is internal to the motor control unit (the function P i denotes the notional plant for the current controller).
As described in the sequel (Section 2.5), the target force F * can be augmented using an impedance controller block C imp (Fig. 4 ) ; this modifies the target force F * based on position, velocity and acceleration of the pedal rotation (Eq. (12)); in this case, the variable labelled "force offset" in Fig. 4 corresponds to the target force profile F * generated by the "user interface module" in Fig. 3 . Thus, the impedance controller C imp continuously generates variations in target force in real time around the baseline profile (force offset) which is pre-specified in the user interface module. By this means, the individual components of mechanical impedance actually felt by the patient at the human-machine interaction points, i.e. stiffness, damping and inertia, can be purposely modified by setting the parameters of the C imp transfer function in Eq. (12) , in common with generic impedance control strategies [39] .
As well as generating the target force profile F * , the user interface module provides a movement task by means of an arbitrary target angle profile Â * , and it manages the visual feedback screen. In its simplest form, the visual feedback displays the position target Â * together with the actual angle Â measured by a sensor mounted at the axis of the pedal mechanism. For simplicity, in the experiments reported here for evaluation of feedback controller performance, the target angle profile was chosen as a sinusoid, while the target force was either kept constant or changed in a stepwise fashion to introduce task perturbations. For clinical applications, alternative position and force profiles should be investigated. The patient is required to keep the pedal position as close as possible to the target by means of volitional control, while the forces applied on the footplates are automatically controlled as described above. This combination of patient involvement via the cognitive position control task and the automatic force/impedance control system represents a challenging environment for neuromuscular training and rehabilitation.
Comparison of the performance of the different control strategies was based on root-mean-square tracking error (RMSE) for force and angle: The two actuators are linear electric motors (P01-48x360/180x330, NTI AG LinMot, Switzerland). These are electromagnetic direct drives consisting of two parts: the slider, which directly provides translational motion; and the stator. The slider is a stainless steel tube filled with neodymium magnets. The stator contains the motor windings, bearings for the slider, position capture sensors and a microprocessor circuit for monitoring the motor. The linear motors are bi-directional and thus capable of generating forces in both directions. Peak force is 1024 N and the maximum continuous force is 354 N (key motor specifications: Table 1 ). The motors are commanded by separate control units (E1250-UC, NTI AG LinMot, Switzerland) which implement the current control function C i indicated in the controller module (Fig.  3) .
The robot has two force sensors and two angle sensors, mounted as indicated in the figure ( Fig. 1(a) ). The force sensors (KD140, 1 kN, Transmetra GmbH, Switzerland) are mounted behind the footplates to directly measure the forces applied by the patient. The angle sensors (GL60, Contelec AG, Switzerland) are mounted at the rotational axis of the pedals.
The force/impedance control strategy in the controller module, together with the user interface module functions (Fig. 3) , were implemented in a real-time industrial PC (IPC, CX5010, Beckhoff Automation AG, Germany). The four sensor signals were interfaced directly to the IPC's analogue input channels. The IPC sends the target current commands (the control signal i * ) via Ethernet to the individual motor control units.
During real-time feedback control tests, all relevant signals (force, position) are monitored and stored using data acquisition and signal processing software (ScopeView, Beckhoff) running in the IPC. These signals are then processed off-line using Matlab as noted above. Position signals are fed back to the user in real-time as shown in Fig. 3 . 
Feedback controller design
The nominal plant P o (s) linking target current and measured force was modelled as a linear first-order transfer function with steady-state gain k and time constant , expressed as
where the polynomials A o (s) and B o (s) are defined as A o (s) = s + 1/ and B o (s) = k/ . Model parameters k and were obtained empirically using step responses and system identification. During open-loop identification tests, the pedal was mechanically fixed using a rigid bar to prevent movement and step inputs were applied using the target current i * . Eleven measurements were done with step changes in current of magnitude 2 A and 4 A, distributed across the range from 2 to 18 A. Model parameters were estimated for each measurement using linear least-squares. The gain k was found to vary between 16.1 N/A and 17.5 N/A, and the time-constant varied between 0.019 s and 0.026 s. Since these parameter ranges are quite narrow, the nominal model parameters were taken as the average values from the eleven measurements, giving
The parameters of the linear compensator C fb (s) were obtained by following an algebraic pole-assignment approach to obtain a closed-form analytical solution, e.g. [40] . C fb (s) was chosen to be a linear, time invariant, strictly-proper transfer function,
where g 0 , g 1 , and h 0 are real coefficients to be determined. The polynomials G(s) and H(s), used in the further controller derivation below, can be identified as G(s) = g 1 s + g 0 and H(s) = s(s + h 0 ). By virtue of the factor 1/s in C fb , the compensator contains integral action.
With the feedback loop of Fig. 2 , the resulting characteristic polynomial of the system, denoted (s), is
which by expansion gives
The closed-loop poles are the roots of the characteristic polynomial , which, from Eq. (7), has degree 3. Thus, must take the structure
Using a pole-assignment approach, the coefficients 0 , 1 and 2 are derived by arbitrary positioning of the three closed-loop poles in the s-plane. Here, the approach taken is to set one real pole at position −a, and to place the other two poles corresponding to the standard second-order transfer function with damping ratio and natural frequency ω n . Thus,
In the following, critical damping = 1 was employed and the parameter a was set to the open-loop pole value of 1/ , i.e. a = 1/ , such that the open-loop pole was not shifted by the feedback. Further, noting that, around the critical damping value of = 1, ω n is related to the 10-90 % closed-loop rise time t r by the approximation ω n = 3.35/t r [41,p. 196 ], a single feedback design parameter, viz. t r , was then used to obtain a desirable performance (ω n , as required in Eq. (9), was computed as noted above as ω n = 3.35/t r ). The unknown controller parameters g 0 , g 1 and h 0 are obtained by matching coefficients of like power in Eqs. (7) and (9), resulting in
The experimental results described in the sequel (Section 3) were obtained using the controller tuning parameter value t r = 0.55 s (desired closed-loop rise time). With the nominal plant parameters k = 16.9 and = 0.0226, and with the design choices a = 1/ = 44.2 and = 1, the controller transfer function (5) can be calculated using the solution (10) as
. Controllers were implemented in discrete time using a sample period T s = 0.05 s.
With the design choice a = 1/ , the characteristic Eq. (6) reveals that the plant pole polynomial A o (s) = s + 1/ must also appear as a zero of the compensator, i.e. as a factor of G(s): since A o appears in the first term on the left of (6) and also in the right hand side (see Eq. (9), with s + a = s + 1/ ), then, for a solution to exist, it must also be a factor of G in the second term of the left hand side of (6) . To see that this holds in the solution of Eq. (11), G can be written as G(s) = 0.0543(s + 44.2): the term s + 44.2 is seen to be equal to s + 1/ . This is a classical plant-pole cancellation strategy, applicable when the cancelled poles are stable and well damped [42] .
Impedance controller
The impedance control strategy (Fig. 4) augments the force controller by modifying target force F * based on angle dynamics, i.e. based on the patient's volitional movement of the pedals. The purpose is to modify the individual components of mechanical impedance perceived by the patient through the pedals.
The basic equation of the second-order dynamic relationship between the pedal angle Â and the force F imp is given in the time domain by:
where k a , k v and k p are the impedance parameters representing the desired modifications of inertia, damping and stiffness of the rotational system, respectively. By Laplace transformation, the frequency-domain representation of F imp is
and the transfer function C imp is seen to be
The actual mechanical impedance given by C imp , defined as the ratio of force and angular velocity, is therefore
In the results reported below, the impedance controller parameters were selected as k p = 0, k v = 30 and k a = 300, which should serve to increase the effective damping and inertia of the system.
Results
Closed-loop control results are reported here for two types of test: "static" and "dynamic" tests. During the static tests, the pedal was mechanically fixed in one position (Â constant), and the response of the force feedback system to a square-wave target force F * from 80 to 120 N was studied. This fixed-pedal configuration is the same as that used for the open-loop identification experiments (Section 2.4), and was carried out without any test person sitting on the device.
In dynamic tests, a healthy test person, using the visual feedback, was required to follow a sinusoidal target angle Â * of frequency 0.16 Hz and amplitude of 30 • . Without impedance control compensation, the target force was constant at F * = 90 N. With impedance control, the force offset variable was constant at 90 N and dynamic modifications to F * were implemented as F * = forceoffset + F imp using the impedance controller parameters noted above.
The static test gave accurate force control tracking with RMSE F = 3.38 N and a dynamic response close to the nominal closedloop response with rise time of t r = 0.55 s (Fig. 5 , middle graph) . The control signal (target current i * ) was smooth and well behaved (Fig.  5, lower graph) .
The first dynamic test reported here was carried out without impedance compensation. The test person was able to follow the target angle closely with RMSE Â = 3.79 • (Fig. 6, upper graph) . The force controller was able, on average, to maintain the constant target force with RMSE F = 9.77 N (Fig. 6, middle graph) . The measured force varied on the range of approximately 65-120 N. These values correspond, respectively, to the minimum and maximum values of the angle signal, where the user changes the direction of the movement and the magnitude of angular acceleration peaks. The target-current control signal was again smooth and well behaved (Fig. 6, lower graph) .
The addition of the impedance control element resulted in improved tracking of the target angle signal with RMSE Â = 2.82 • (Fig. 7, upper graph; cf. no impedance, where RMSE Â = 3.79 • ). Force-tracking accuracy, with RMSE F = 9.31 N (Fig. 7, middle graph) , was slightly better than the non-impedance case (RMSE F = 9.77 N). With impedance compensation, the measured force was on a substantially smaller range of approximately 71-108 N (cf. 65-120 N without impedance control); peak currents were correspondingly lower. The control signal i * was again well behaved, albeit with a somewhat greater degree of variability when compared to the non-impedance case (Fig. 7, lower graph) , due to the continuous dynamic compensation driven by changes in angular velocity and acceleration.
Discussion
The aim of this work was to design, construct and test a novel lower-limb end-effector rehabilitation robot, based on the legpress exercising approach, using linear-motor actuator technology, and with a small and compact design targeted at paediatric applications. The focus here was on the development and evaluation of force and impedance control strategies.
Force controller design was based upon a simple plant model obtained as an average from multiple step tests across the operating range of the motors; these tests were performed with the pedals fixed in one position and without a test person on the device. Despite this simple and approximate approach, the feedback control performance proved to be accurate and robust across the range of conditions tested, with and without involvement of a test person.
The integration of impedance compensation gave improved target angle tracking based on volitional control by the test person, and reduced the difference between the minimum and peak forces. The mechanical design of the device had characteristics of low inertia and damping at the pedals; increasing the effective inertia and damping via the impedance compensation, resulting in turn in a lower force range, presumably modified the mechanical properties in a way that facilitated better and more accurate position control on the part of the test person.
Employment of linear motor technology contributed to the compact design characteristics and simple actuator/pedal arrangement. These features are attributable, in part, to the absence of any need for a gearing mechanism between the motors and the actuated device joints. The results, furthermore, demonstrated a high degree of motor controllability, giving accurate force control in a range suited to paediatric rehabilitation applications.
A limitation of the linear motors, and a negative consequence of the lack of gearing, is that a relatively high current is required. In the tests reported here, motor current was just over 8 A even though the measured forces were less than half of the maximum continuous force which is available. The level of force generated, and the corresponding current, is appropriate in consideration of performance specifications for therapy of children with neurologi- cal impairments, but scaling up to able-bodied children or to adults would be a significant limitation to the employment of linear motor technology.
Conclusions
The overall control strategy was found to facilitate volitional control of pedal position based on the cognitive task presented to the test person. Simultaneously, accurate and robust control of pedal forces was observed based on force feedback and impedance compensation.
The accuracy of control and the level of forces generated are deemed appropriate for rehabilitation of children with neurological impairments, but linear motor technology is unlikely to be suitable for applications where higher force levels are needed.
The next step in this work is to carry out pilot clinical evaluations to validate the prototype device within the target population of impaired children. Initial work will focus on children with impaired neuromuscular strength and coordination secondary to cerebral palsy. Performance will be evaluated using formal feasibility criteria including technical implementation, patient acceptability, and responsiveness; sample size will be determined based on a priori statistical power analysis. Further work is also necessary to develop implementations of therapy programmes and modes of operation that are task-orientated, attention-demanding and highly motivating for children, e.g. using concepts from serious games software technology [43, 44] . Prior to clinical evaluation, the device design should be augmented to embody risk analysis and corresponding precautions to ensure patient safety.
